Abstract. A two-dimensional solution for the scalar wave equation in a model of two vertical layers between two quarter spaces is used to study properties of seismic waves in a laterally heterogeneous low-velocity structure. The waves, referred to as seismic fault zone waves, include head waves, internal fault zone reflections, and trapped waves. The analysis aims to clarify the dependency of the waves on media velocities, media attenuation coefficients, layer widths, and source-receiver geometry. Additional calculations with extreme low-velocity layers provide examples that may be relevant for volcanic and geothermal domains. The interference patterns controlling seismic fault zone waves change with the number of internal reflections in the lowvelocity structure. This number increases with propagation distance along the structure, decreases with fault zone width, and increases (for given length scales) with the velocity contrast. The relative lateral position of the source within the low-velocity layer modifies the length scales associated with internal reflections and influences the resulting interference pattern. Low values of Q affect considerably the dominant period and overall duration of the waves. Thus there are significant tradeoffs between propagation distance along the structure, fault zone width, velocity contrast, source location within the fault zone, and Q. The lateral and depth receiver coordinates determine the particular point where the interference pattern is sampled and observed motion is a strong function of both coordinates. The zone connecting sources generating fault zone waves and observation points with appreciable wave amplitude can be over an order of magnitude larger than the fault zone width. Calculations for cases with layer P wave velocity of ~200 m s-l, modeling a vertical dike or crack with fluid and gas, show conspicuous persisting oscillations. The results resemble aspects of seismic data in volcanic domains. If these waves exist in observed records, their explicit recognition and modeling will help to separate source and structural effects and aid in the interpretation of volcano-seismology signals. Although the tradeoffs in parameters governing seismic fault zone waves are significant, each variable has its own signature, and the parameters may be constrained by additional geophysical data. Simultaneous modeling of many waveforms with an appropriate solution can resolve the various parameters and provide a high-resolution structural image.
Introduction
The definition and description of a fault zone (FZ) depends on the application at hand, imaging method, and location. In some places, detailed mapping of surface features [Johnson et al., 1997 ] documents earthquake rupture zones that consist of shear bands 50-500 m wide. At the other extreme, field and laboratory data indicate that the core of the San Gabriel FZ is only a few centimeters wide [Evans and Chester, 1995] . These geological studies provide direct evidence on FZ properties, but they are limited to shallow depth. The imaging of deep crustal structures requires inversion of seismological and other indirect data. An accurate determination of FZ properties at depth provides a preliminary basis for a variety of studies ranging from routine derivation of earthquake parameters (e.g., location and focal mechanism) to mechanical simulations of crustal responses (e.g., dynamic rupture histories, pre-earthquake and post-earthquake deformational fields). biases and errors into derived velocity structures, earthquake locations, and fault plane solutions [Ben-Zion and Malin, 1991; Ben-Zion et al., 1992]. FZTWs are slow seismic energy associated with critically reflected phases propagating within low-velocity FZ layers. For the antiplane S case they are analogous to surface Love waves of a horizontally layered structure, while for the P case they are analogous to surface Raleigh waves [e.g., Malin et al., 1996] . FZTWs arrive after the head, direct, and early scattered waves, and they are characterized by large-amplitude dispersive oscillations. Since the FZHWs, internally reflected phases, and FZTWs are generated by structures with material discontinuity interfaces and they do not exist in corresponding laterally homogeneous media, we refer to them collectively as seismic FZ waves.
The earliest explicit observation and waveform modeling of FZ head and trapped waves in the context of tectonic faults are probably those of Fukao et al. [1983] and Hori et al. [1985] , who studied seismograms generated by earthquakes in the subduction zone of the Philippine Sea plate underneath Japan. More detailed later analyses employing seismic FZ waves demonstrated that waveform modeling of these phases can provide an imaging tool of FZ structure at depth with a resolution of a few tens of meters, approaching that of the direct shallow geological surveys. These studies are, however, subjected to significant uncertainties, and they should be regarded as preliminary analyses. The following two major deficiencies are common to these works: (1) In all previous studies employing seismic FZ waves, only a very small amount of data is modeled quantitatively. (2) Synthetic waveform calculations do not provide a unique structural interpretation. This is due to both the general nonuniqueness of inverse problems and specific strong tradeoffs between given model parameters for the case at hand. The tradeoffs and other sources of interpretation errors have never been investigated quantitatively.
The present paper aims to clarify issues related to item (2) with the goal of improving the basis for drawing quantitative conclusions from observed seismic FZ waves. Using a solution for two vertical FZ layers between two quarter spaces based on the results of Ben-Zion and Ala ' [1990] , we study the dependency of near-structure waveforms on media velocities, media quality factors, widths of FZ layers, and source and receiver distances along and away from the fault. In a simple model consisting of two quarter spaces separated by a single FZ layer,/here are six material parameters (wave velocities and attenuation coefficients for the three different media) and five geometric parameters (FZ width and source and receiver coordinates with respect to the fault; the coordinates are flexible within constraints based on routine hypocenter locations and the surface trace of the fault). Assuming that properties of the crustal blocks and locations of source, receiver, and fault are precisely known (note that because of the sensitivity of seismic FZ waves to source and receiver coordinates, which is illustrated below, these parameters should not be kept constant in a modeling procedure), we are left with three unconstrained parameters: FZ layer velocity, width, and attenuation coefficient. The situation increases in complexity when additional FZ layers are included in the model. Clearly, a proper quantitative analysis of seismic FZ waves requires a thorough understanding of tradeoffs between model parameters as well as simultaneous modeling of a large data set.
Another goal of the paper is to discuss a possible application of seismic FZ waves in the context of volcano and geothermal seismology. Using the solution of Ben-Zion and with model properties corresponding to an extreme low-velocity layer (and a simple dislocation source), we generate seismograms for an idealized structure of a vertical dike or crack with fluid and gas in a half space. The synthetic seismograms for such cases show long-duration wavetrains reminiscent of volcano seismic records. The results are, however, different in several important aspects from typical volcanic seismograms. In particular, the calculated time histories begin with a large-amplitude signal, while the amplitude of observed volcanic seismograms usually builds up gradually. This and other differences may be reduced by using more complex source functions or a superposition of sources in different locations. The latter is illustrated with example calculations, although we emphasize that our goal is not to produce realistic volcanic seismograms but rather to point out the possible existence of FZ waves in volcano seismic data.
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The calculations of this work show that seismic FZ waves are sensitive to a large set of parameters. The high sensitivity of the waveforms allows small details of structure and sourcereceiver geometry to be resolved. However, the strong coupled dependency of the waveforms on a set of parameters requires careful observational and theoretical analyses. The results indicate that observational work should consider volumes in a parameter space including propagation distance along the structure, FZ width, velocity contrast, source location within the FZ, and •. Simultaneous modeling of a large data set containing seismic FZ waves with an appropriate solution can provide high-resolution images of coherent low-velocity layers in important geological environments.
Model
The model forming the basis for the calculations done in this paper consists of two quarter spaces separated by two vertical FZ layers (Figure 1 ). All variables are independent of the y direction along strike. The media are numbered sequentially from left to right. An $H line dislocation is located at a general (Xs, Zs) position in medium 2. The source can be placed inside or outside the FZ by setting the parameters of medium 2 different from or equal to those of medium 1. The receiver is located at a general (x, z) position. Thus both source and receiver can be moved up and down and in Figure 14b gives results for models with wider dike-type layer having a similar extreme low-velocity (at 2 = 0.1 km s-l). In these cases the oscillations persist longer, and appreciable amplitudes can be observed further away from the low-velocity structure. As mentioned above, the calculated seismograms differ in important respects from typical volcanic tremors. Nevertheless, the simulations show prominent trapped waves which may exist in the vicinity of dikes and high-permeability fracture zones. Observation of such waves may provide useful information on structural properties, source offset from the structure, etc.
The calculations discussed so far focus on wave guide effects associated with a simple nonrepeating source in a single dike or crack zone. More complicated, longer duration waveforms can be obtained by superposition of similar results. This is illustrated in Figure 15 where we give two examples of velocity seismograms generated by periodic spatial repetition of a dislocation source at the boundary of low-velocity diketype structure and the surrounding rock. In the model generating Figure 15 We note that the parameters governing seismic FZ waves do not form an orthogonal coordinate system in a parameter space. Changes in values of a given parameter can modify the effects of other parameters (e.g., Figures 4a and 4b) . The 
